Benzene methylation by methanol is studied on acidic zeolites H-ZSM-5 (MFI) and H-beta (BEA) to investigate the influence of the catalyst topology on the reaction rate. Experimental kinetic measurements at 350 °C using extremely high feed rates to suppress side reactions show that methylation occurs considerably faster on H-ZSM-5 than on H-beta. Theoretical rate constants, obtained from first-principles simulations on extended zeolite clusters, reproduce a higher methylation rate on H-ZSM-5 and provide additional insight into the various molecular effects that contribute to the overall differences between the two catalysts. The calculations indicate this higher methylation rate is primarily due to an optimal confinement of the reacting species in the medium pore material. Co-adsorption of methanol and benzene is energetically favored in H-ZSM-5 compared with H-beta, to the extent that the stabilizing host-guest interactions outweigh the greater entropy loss upon benzene adsorption in H-ZSM-5 vs. in Hbeta.
INTRODUCTION
Methylation reactions catalyzed by acidic zeolites are highly important in several transformation processes of hydrocarbons [1] . Methylations were also shown to be crucial steps in the zeolite-catalyzed conversion of methanol to hydrocarbons (MTH), which was first discovered in 1976 and has since been developed into a number of commercial technologies, for example, methanol-to-gasoline (MTG) [2] , methanol-to-propylene (MTP) [3] and methanol-toolefins (MTO) [4] . At present, MTO is one of the most prominent alternatives to crude-oil cracking for the production of light olefins such as ethene and propene [5] . The exact mechanism underlying the conversion process has been debated for decades, but currently there is a consensus on an indirect mechanism in which methanol is converted to light olefins via repeated methylation and/or cracking reactions of a pool of hydrocarbons present inside the zeolite pores [6] [7] [8] [9] [10] [11] [12] [13] . In every catalytic cycle proposed to date to explain olefin formation, methylations were found to be key reaction steps [14] [15] [16] . For these reasons methylations have received a lot of attention in several recent studies, in which they were examined from both an experimental and a theoretical angle [17] [18] [19] [20] [21] .
Most zeolite-catalyzed processes are the result of a complex mechanism, consisting of a large number of both consecutive and competing elementary steps. Obtaining detailed information about any individual reaction is therefore non-trivial from an experimental point of view, as the rate of a single reaction is not easily monitored. Svelle et al. first accomplished this for specific methylation reactions of alkenes by methanol on zeolite H-ZSM-5 [17, 18] , and more recently Hill et al. performed an experimental study on the kinetics of alkene methylation by dimethyl ether on zeolites H-ZSM-5, H-beta, H-ferrierite, and H-mordenite [22] , but in general experimental kinetic measurements of isolated zeolite-catalyzed reactions are rarely reported.
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Theoretical methods offer the advantage that they innately allow isolating a single reaction step to study its various molecular aspects in detail. However, these methods have only recently matured to a level where energy barriers and reaction rates can be determined that are directly comparable with experimental data [19, 20] . Further development of theoretical methods depends on the availability of accurate experimental data to benchmark the calculations, such that a combined approach offers the best prospects for an improved understanding of these elementary steps.
In this article, we study the methylation of benzene by methanol in two zeolite catalysts with different topologies: MFI-structured H-ZSM-5 and BEA-structured H-beta. Experimental and theoretical methods are combined to determine the influence of topological variations in the catalyst on the methylation rate. Both frameworks consist of intersecting channels that are sufficiently spacious to allow direct feeding of benzene, and both catalysts have been the subject of previous research in the field of MTH-conversion. H-ZSM-5 is among the most widely used catalysts in industrial applications, and is also the archetypal catalyst in methanol to hydrocarbons conversion. This catalyst has been studied extensively, by experimental as well as theoretical research groups. H-beta also shows MTH-activity, but is more of academic interest.
The large-pore structure allows direct feeding of even larger species than in H-ZSM-5, making H-beta an ideal candidate for the study of mechanistic aspects, the activity of larger hydrocarbon pool species and the formation of coke precursors [14, [23] [24] [25] . However, because of its largepore structure, MTH-conversion in H-beta results in a product stream consisting predominantly of larger components such as hexamethylbenzene. These products are already too heavy to be used in gasoline, for which the C 10 -content should be limited. H-beta furthermore suffers from rapid deactivation through coke formation, rendering this zeolite unsuitable for industrial MTH applications.
5
As far as the mechanism of the zeolite-catalyzed methylation reaction is concerned, two different proposals have been advocated in literature: a stepwise route that involves a surfacebound methoxy group intermediate, and a concerted mechanism in which physisorbed methanol directly interacts with the species to be methylated [22, 26, 27] . While spectroscopic evidence for the existence of surface-bound methoxy groups has been presented, and the fundamental viability of a stepwise mechanism has been verified, experimental kinetic measurements are readily explained by the concerted pathway [26, 28] . For this reason, the latter mechanism will be presumed in the current article. Nevertheless, no definitive conclusion regarding the prevailing pathway is warranted at this point; a full discussion of this issue has been given elsewhere [26] .
A general overview of the methylation of benzene by methanol in an acidic zeolite catalyst is represented in Figure 1 . Conceptually, for methylation to occur, methanol should be adsorbed at the Brønsted acid sites. Methanol will then react with a benzene molecule loosely adsorbed in the vicinity of the methanol molecule. Experimental barriers and reaction rates are therefore always referred to the state in which methanol is adsorbed and benzene is still in the gas phase.
Kinetic parameters corresponding to this viewpoint are called "apparent", to distinguish them from the "intrinsic" kinetics associated with the actual methylation step, through re-organization of both reactants adsorbed at a specific active site. The methylation products encountered after the transition state are a toluenium ion and water. The toluenium ion can be assumed to deprotonate rapidly, yielding toluene and regenerating the Brønsted functionality of the catalyst. 
METHODS

EXPERIMENTAL METHODS
CATALYSTS AND CATALYST CHARACTERIZATION
Two catalysts were employed in this study, an H-ZSM-5 sample supplied by Süd Chemie and an H-beta sample synthesized in-house. Notably, this is the same H-ZSM-5 catalyst as employed in our previous studies of the methylation of alkenes [17, 18] . These catalysts were selected due to similarities with respect to crystal size and acid site density.
The H-beta catalyst was synthesized based on published procedures [29] . Degussa Aerosil 380 followed by stepwise heating to 550 °C in a pure O 2 flow. The final temperature was maintained for 12 h. The final, protonic material was obtained by ion exchange using 1 M NH 4 NO 3 for 3 × 2 h at 70 °C, followed by calcination in static air at 550 °C for 3 h.
The catalysts were characterized using a variety of methods, paying particular attention to a quantitative and qualitative evaluation of the acidic properties. Phase purity was investigated with capillary X-ray diffraction (XRD) employing a Siemens-Bruker D5000 diffractometer 8 using Cu Kα1 radiation. Particle size was determined using transmission electron microscopy Transmission FTIR spectra were recorded on a Bruker Vertex 80 spectrometer equipped with an MCT detector. Dehydrated, self-supporting wafers were cooled to -196 °C, and CO was adsorbed until saturation. Subsequently, CO was allowed to desorb in small steps and FTIR spectra were recorded.
KINETIC MEASUREMENTS
A description of the experimental setup has been given in a previous paper [17, 18] . Briefly, all kinetic measurements were carried out at atmospheric total pressure using a 3 mm inner diameter fixed bed reactor. In most experiments, 2.5 mg catalyst (particle size 250 -420 µm) was used, in order to achieve the very high feed rates required to study the kinetics of primary reaction steps. 13 C methanol (Cambridge Isotope Laboratories; chemical purity >99 %; isotopic purity >99 %) and 12 C benzene (Sigma Aldrich, purity >99.5 %) were introduced by passing parts of the He carrier gas flow through saturation evaporators maintained at controlled temperatures to regulate the partial pressures. The typical gas flow through the reactor was 75 9 N mL min -1 , with partial pressures of methanol and benzene of 37 and 17 mbar, respectively.
The resulting feed rate was WHSV = 195 g feed g catalyst -1 h -1 , corresponding to a contact time (CT = WHSV -1 ) of 0.0051 h. The total gas flow and the partial pressure of each reactant were varied in three separate measurements series. The reaction temperature was measured using a thermocouple (0.5 mm diameter) in direct contact with the catalyst. The typical reaction temperature was 350 °C, but the temperature was varied between 250 and 400 °C to determine the Arrhenius activation energies. Although the catalyst samples were fairly resistant toward deactivation, a slight loss of activity was observed. This was corrected for using previously described procedures [6, 8] . A primary concern has been to study the catalytic system at low conversion (i.e., high feed rates) to prevent side reactions, while still operating at a realistic reaction temperature and catalyst acid site density.
The conversion and product distribution were determined using an on-line HP6890 GC-FID equipped with a Supelco SPB-5 column (60 m × 0.53 mm × 3 μm). The isotopic composition of the major products was determined from analyses carried out on a HP 6890 GC-MS unit, using a J&W GS-GasPro column (60 m × 0.32 mm). The procedure for calculating the isotope distributions from the mass spectra has been outlined previously [7] .
COMPUTATIONAL METHODS
The methylation reaction was modeled from first principles to further rationalize the experimentally observed differences between the two catalysts. In this article, extended cluster models consisting of 46 and 52 T-atoms for H-ZSM-5 and H-beta, respectively, were used (represented in Figure 2 ) [14] [15] [16] . This approach has previously proven a reliable and computationally efficient method to predict rate coefficients and reaction barriers that are very close to experimental kinetic data [14, 20] . In contrast to periodic calculations, in which the entire unit cell is taken into account, cluster calculations only consider a fragment of the crystallographic structure. However, an extended cluster, provided it is large enough to account for the distinguishing topological features of the catalyst, was shown to be able to describe all relevant confinement effects as well [20, 30] . The cluster approach has some advantages that are particularly useful for deriving first-principle kinetics; the localization of transition states is considerably simplified, and the vibrational analysis is more straightforward [20] .
H-ZSM-5 (MFI) consists of intersecting straight and zigzag channels that range from 0.51 to 0.56 nm in diameter, resulting in medium-sized pores, while H-beta (BEA) has slightly larger intersecting straight channels, with a diameter of 0.55 -0.67 nm (see Figure 2 ) [31] . In both catalysts, an active site was positioned at the channel intersection, as these locations offer maximal available space in each topology and result in minimal restrictions, even when bulky intermediates are involved. Additionally, previous studies on the adsorption of benzene and its derivatives in silicalite (MFI) have shown that these molecules adsorb preferentially at the channel intersections [32] .
In the MFI-topology the location of the aluminum defect corresponds to the T12 crystallographic position [33] . A thorough examination of all possible active sites is clearly beyond the scope of this study. This is furthermore not straightforward, as it was recently shown for H-ZSM-5 that the actual aluminum distribution in a zeolite material does not only depend on thermodynamic stability, but rather on the conditions applied during the synthesis of the catalyst [34] [35] [36] .
Dangling bonds on the boundary of the cluster fragments were saturated with hydrogen atoms, All energy calculations were performed using the 6-31+G(d) basis set, which was previously found to be sufficiently large; extension toward a triple-zeta basis set had only a minor effect on the resulting interaction energies and barriers [20] . In the B3LYP-D approach, dispersion corrections as proposed by Grimme are added to the standard B3LYP-energy [39] . The ωB97X-D functional is a recently developed long-range corrected functional, in which dispersion is also accounted for by pairwise potential terms. In contrast to Grimme's approach, however, all parameters in the functional form were determined simultaneously [40] . A benchmarking study 12 by Goerigk and Grimme found the ωB97X-D functional to be a promising method for main group thermochemistry and kinetics, as well as non-covalent interactions [41] . In a recent article this functional was found to perform very well for the adsorption of various guest molecules at the Brønsted sites inside the pores of H-ZSM-5 [30] .
All calculations were performed using the Gaussian03 [42] and Gaussian09 [43] packages.
Dispersion corrections to the B3LYP energies were calculated using the dftd3-program available from Grimme's group [44] . The cluster models were constructed using ZEOBUILDER [45, 46] .
The PHVA-method, implemented in the TAMKIN-toolkit [46, 47] , was used to exclude the terminating hydrogens with constrained positions from the normal mode analysis. Partition functions were calculated in the temperature range 250 -400 °C. Rate constants were determined from the transition state theory (TST). More details are given in Section 3.3. 
RESULTS AND DISCUSSION
CATALYST CHARACTERIZATION
For the sake of brevity, the primary characteristics of the H-ZSM-5 and H-beta catalysts are summarized in Table 1 . XRD confirmed the high crystallinity of both catalysts. The BET surface areas are fairly high for these topologies, also indicative of high-quality materials of good crystallinity. Both catalyst samples comprise similarly sized small primary crystallites, which will reduce effects of diffusion limitations and prevent rapid deactivation. The 27 Al MAS-NMR spectra of both catalysts (not shown) displayed only one fairly sharp peak centered at ~50 ppm, the expected chemical shift for Al in a tetrahedral environment. No signal was discernible at ~0 ppm, where octahedral Al will give rise to intensity. Thus, Al is almost exclusively present in tetrahedral framework positions in the zeolites. FT-IR confirmed that all acid sites were accessible to the CO probe molecules, as the peaks assigned to the ν(OH) mode of the Brønsted sites were completely eroded. The magnitudes of the shifts in the ν(OH) vibrational frequencies of the Brønsted sites upon perturbation by adsorbed CO are listed in Table 1 . These values constitute a convenient measure of the acid strength of the catalysts and are very similar to previously reported values for H-ZSM-5 and H-beta [48, 49] , thus confirming the presence of strong Brønsted acidity and that the catalysts employed here are representative for the respective topologies. Elemental analysis by ICP-MS indicates very similar Si/Al ratios, and this is confirmed by NH 3 -TPD. The slight underestimation of Al from NH 3 -TPD may suggest that some of the acid sites are inaccessible. Also, it should be kept in mind that the probe molecules employed (CO and NH 3 ) are somewhat smaller than the methanol-benzene methylation complex. Nevertheless, it appears that there is no significant difference in the density of Brønsted acid sites between the two catalysts, meaning that the experimentally measured rates can directly be compared. C benzene (17 mbar) and 13 C methanol (37 mbar) were co-reacted over the H-ZSM-5 and Hbeta catalysts described above at 350 °C. The CT was varied between 0.0038 and 0.0096 h by adjusting the total gas flow through the reactor. The conversion of the feed mixture (determined by considering benzene, methanol, and dimethyl ether to be unconverted reactants) and the rate of conversion (the product of the fractional conversion and the WHSV) are shown in Figure 3 below. The most striking feature of Figure 3 is the higher activity of H-ZSM-5 compared with H-beta. This is a primary finding of this investigation and the origin of this difference will be elaborated below.
As expected, the conversion ( Figure 3 , left panel) increases with increasing CT. It should be noted that, in particular at the shortest CTs, the conversion is sufficiently low to reasonably assume differential conditions, which considerably simplifies the kinetic analysis. For both catalysts, the rate of conversion increases with increasing CT. This is related to the well-known autocatalytic nature of the conversion of methanol to hydrocarbons [5, 50, 51] . Linear extrapolation of the rate of conversion to CT = 0 gives a limiting rate of conversion of 9.9 and 2.6 g feed converted g catalyst -1 h -1 for H-ZSM-5 and H-beta, respectively. Product selectivities are presented in Figure 4 . Clearly, for both catalysts, toluene, which is the primary methylation product, dominates strongly displaying a selectivity between 65 and 75 %.
The toluene selectivity decreases with increasing CT, as secondary reactions leading to other products become more prominent. Extrapolation of the toluene selectivity to CT = 0 gives a primary selectivity close to 80 % for both catalysts. Isotopic analysis of the toluene showed that close to 95 % of the toluene molecules contained only one 13 C atom, as expected for toluene formation via methylation of 12 C benzene by 13 C methanol. Analysis revealed no significant variations of the isotopic distribution over the investigated range of CTs. Thus, it can safely be assumed that direct toluene formation from methanol is negligible in these experiments. Product and isotopic selectivities apparently do not extrapolate to unity, implying that reactions other than methylation will occur even at infinitesimal conversions. Possible causes of this observation have been discussed previously [17] .
Notably, the second most abundant product is not the same for the two catalysts. For H-ZSM-5
( Figure 4 , left panel), the xylenes are in clear excess compared with the other secondary products. In stark contrast, for H-beta, hexamethylbenzene is the most prominent by-product.
Additionally, for both catalysts, minor amounts of C 9 -C 11 methylbenzenes and aliphatics are formed. The isotopic composition of the minor products was not determined. However, it appears likely that for H-ZSM-5, the xylenes and the other byproducts detected in effluent are formed via double methylations and hydrocarbon pool type reactions, respectively.
Hexamethylbenzene is known to be a major product in MTH and alkylation reactions over largepore H-beta, in contrast to what has been observed for medium-pore H-ZSM-5 [52] . The low abundance of C 9 -C 11 methylbenzenes relative to hexamethylbenzene might suggest that the MTH reaction is suppressed to a somewhat lesser extent in H-beta compared with H-ZSM-5, even in these experiments carried out at extremely high feed rates. For both catalysts, the formation of side products will lead to a minor underestimation of the methylation rates, as methylation products are consumed in further reactions, and acid sites are involved in other reactions than methylation. The purpose of the extrapolation procedure described above is to minimize these effects. The reaction orders with respect to benzene and methanol were determined by individually varying the partial pressure of each reactant while keeping that of the other constant. These experiments were carried out with constant total gas flow through the reactor at 350 °C. As is clearly seen in Figure 5 , the higher methylation activity of H-ZSM-5 relative to H-beta is maintained over an extended range of conditions. In agreement with previous reports for the methylation of alkenes [17, 18, 22] , the reaction orders are one for benzene and very close to zero for methanol, resulting in the following empirical rate law:
The interpretation of the reaction orders is that the zeolite acid sites are fully covered by the methylating species and benzene is scarcely adsorbed at these conditions. Several quantum chemical studies have shown that methanol is likely to be strongly adsorbed on the Brønsted acid sites, whereas the species being methylated is loosely adsorbed in the close vicinity [19] [20] [21] .
This was also confirmed by the theoretical simulations of the benzene methylation reaction carried out in the current study (cf. infra).
The reaction temperature was varied in order to determine the apparent activation energy for the methylation of benzene over the two catalysts. The Arrhenius plots shown in Figure 6 display the expected linear behavior. The apparent activation energy was determined to be 58
and 56 kJ mol -1 for H-ZSM-5 and H-beta, respectively. As a consequence of the reaction orders as described above, this apparent activation energy is the sum of the intrinsic activation energy and the benzene adsorption energy, which is a negative number (see also Figure 1 The rate constants for benzene methylation over the two catalysts may be calculated from the extrapolated rates of conversion of 9.9 and 2.6 g feed converted g catalyst -1 h -1 for H-ZSM-5 and H-beta extracted from Figure 3 . To facilitate comparison with previous measurements carried out for the methylation of alkenes, the rate constants will be expressed in two sets of units. First, multiplication by the limiting fractional product and isotopic selectivities, which were found to 
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be 0.8 and 0.95, respectively, for both catalysts, gives the rate of formation of the clean methylation product. Furthermore, the rate constant is conveniently normalized with respect to the benzene pressure, as the rate of methylation is first order with respect to benzene partial pressure. These rate constants can also be expressed with respect to the number of moles of methylation product rather than in grams of toluene. Application of these conversions gives the rate constants listed in the second column of Table 2 for the methylation of benzene over the two catalysts in units of mol toluene g catalyst -1 h -1 mbar benzene -1 . Additionally, Table 2 lists preexponentials and a selection of previously published values for the methylation of alkenes over the same H-ZSM-5 catalyst as employed here. As emphasized above, the rate constants clearly show that H-ZSM-5 is a more active methylation catalyst than H-beta. For H-ZSM-5, the rate of benzene methylation appears to be comparable with the rate of propene methylation.
A discussion of the possible uncertainties associated with these experimental kinetic parameters is required. The linear regression analysis yields standard deviations close to 3 kJ mol -1 for the barriers, but it should be underlined that this constitutes a significant underestimation of the actual uncertainty in these experiments. Clearly, systematic and random errors in the experiments related to the measurements of reaction temperature, gas flows, and catalyst mass are non-negligible. The above analysis presupposes strict adherence to Arrhenius behavior and unchanging reaction orders in the investigated temperature range. Previously, we have assigned the uncertainty in the barriers to be at least ± 5 kJ mol -1 [19] . This uncertainty arises primarily from the cumulative uncertainties in the reactor setup and deviations from strict Arrhenius behavior. As the experimentally determined quantity is the rate constant, which comprises both the pre-exponential and the exponential Arrhenius factor, these will have equal uncertainty; ± 5 kJ mol -1 in the exponential factor corresponds to about one order of magnitude in the pre-exponential.
In the following paragraphs, the same methylation reactions will be modeled using quantum chemical methods; it is thus relevant to consider the extent to which the two approaches are comparable. Firstly, as mentioned in the introduction, we have assumed that methylation occurs in a concerted rather than stepwise manner, both in the interpretation of the experimental measurements and in the theoretical description. Secondly, while the formation of by-products cannot be completely avoided when operating at realistic reaction temperatures, by-product formation is not readily accounted for using theoretical methods. Indeed, the main strength of 24 these methods is their ability to isolate single reaction steps. As previous spectroscopic investigations have indicated that byproducts such as hexamethylbenzene might block a fraction of the available acid sites, experimental measurements could underestimate the initial the methylation activity of the catalyst described by the theoretical simulations [28] .
COMPUTATIONAL STUDIES OF BENZENE METHYLATION
A systematic first-principles study was performed to calculate reaction rates for benzene methylation in both H-ZSM-5 and H-beta, such that they are directly comparable with the experimentally measured ones (Section 3.2). Within this set of simulations, the various factors contributing to barriers and pre-exponential factors can be separated, leading to a more profound understanding of the observed differences between the two catalysts.
As shown in a previous paper by some of the authors, zeolite-catalyzed methylation reactions can be modeled in either a unimolecular or a bimolecular fashion [20] . In the unimolecular approach, all reactants are considered to have formed a pre-activated complex at the zeolite active site. This complex can henceforth be treated as a single molecule undergoing internal rearrangements. The resulting reaction rates are referred to as "intrinsic reaction rates", which are useful for mutual comparison between competing elementary reactions within the same reaction network, but cannot directly be compared with experimental measurements. In contrast, in the bimolecular approach only methanol is considered already adsorbed at the active site, while benzene is supplied from the gas phase. The latter can be linked conceptually with the experimentally observed reaction orders (zeroth order in methanol, first order in benzene) and results in "apparent reaction rates", which can be subjected to direct comparison with experimental results. Likewise, the electronic barriers for the unimolecular and bimolecular reactions are referred to as "intrinsic" and "apparent" barriers, respectively.
The electronic energy differences corresponding to the consecutive steps in the energy profile for benzene methylation (Figure 1 ) are summarized in Table 3 and will each be discussed in more detail in the following paragraphs. a Value differs from the one reported in ref. [20] due to different position of the zeolite proton. In the current paper, adsorption is always considered at the Brønsted site found by following the IRC from the TS. (Figure 1 ) through the formation of two hydrogen bonds. At the B3LYP-level, the adsorption energy is about 14 kJ mol -1 higher in H-beta, which could be related to the differences in hydrogen bonding between the two catalysts (see Figure 7) . While the primary hydrogen bond, between the methanol oxygen and the zeolite proton, is almost identical in Table 3 are purely electron energy differences, which are only comparable with the experimental adsorption enthalpy after appropriate thermal corrections are included. Recently, the adsorption of alcohols and nitriles in H-ZSM-5 was studied in more detail, using the methodology employed in the current article.
The thermal correction to the adsorption enthalpy at 400 K was shown to amount to about 6 kJ mol -1 for all adsorbates considered [30] .
BENZENE CO-ADSORPTION AND METHYLATION
In the ensuing steps, benzene is co-adsorbed onto the methanol complex and subsequently methylated in a one-step (concerted) mechanism. The transition states are very similar in both catalysts (see Figure 7) , even though more space is available in H-beta: the length of the C-C bond being formed is 2.14 Å in H-ZSM-5 and 2.06 Å in H-beta, the length of the C-O bond being broken is 2.22 Å in H-ZSM-5 and 2.23 Å H-beta.
The accuracy of the apparent barrier to methylation will depend on the accuracy of both the benzene co-adsorption energy and the intrinsic barrier. As mentioned in the Methodology section, a thorough examination of all possible active sites and adsorption modes is beyond the scope of this study. To ensure an unambiguous definition in both catalysts under comparison, the co-adsorption energy is consistently calculated by removing the benzene molecule from the pre-transition state reactants and optimizing the resulting methanol complex. This approach avoids non-reproducible errors resulting from unintentional deformations of the zeolite framework.
Due to the smaller available space in H-ZSM-5, the adsorbed methanol shifts slightly upon coadsorption of a benzene molecule, resulting in a less optimal hydrogen-bonded configuration, which corresponds to a destabilization of about 10 kJ mol -1 (at the B3LYP-level). Using the standard B3LYP-functional, the final co-adsorption energy amounts to only -14 kJ mol -1 in H-ZSM-5, and an almost negligible -3 kJ mol -1 in H-beta (Table 3) . In experimental studies comparing benzene adsorption on H-ZSM-5 and silicalite, very similar gravimetrical uptakes and heats of adsorption were reported for both materials, indicating that the stabilization of benzene within the zeolite pores is mainly due to dispersive interactions with the pore walls 28 [53] . Standard DFT-functionals are unable to account for these van der Waals interactions, which are clearly crucial to describe the actual stabilization. When adding Grimme-dispersion corrections to the B3LYP energies, the co-adsorption energy increases to -106 and -65 kJ mol -1 in H-ZSM-5 and H-beta, respectively. The co-adsorption energy is larger in H-ZSM-5 due to a tighter fit of the guest molecules in the zeolite pores; in H-beta more empty space remains upon co-adsorption of benzene and methanol at the active site (see Figure 7) . (To quantify this difference in available space, note that the maximum diameter of a sphere that can be included in the zeolite framework is 6.3 Å in MFI, compared to 6.62 Å in BEA. 
RATE CONSTANTS AND KINETIC PARAMETERS
A primary objective of this contribution is to directly compare rates of reaction, rather than comparing Arrhenius barriers to electronic energies. To this end, both intrinsic and apparent methylation kinetics are calculated using transition state theory. Intrinsic rate constants result from considering the methylation as a unimolecular rearrangement of the reactant complex:
A bimolecular approach yields apparent rate constants:
k B , h and R are the Boltzmann, Planck and universal gas constants; q X are the partition functions of species X. Partition functions and rate constants are calculated in the temperature range 250 -400 °C (consistent with the experimental temperature range), after which the kinetic parameters are determined from fitting rate constants to the Arrhenius equation. Activation energies (E a ), pre-exponential factors (A) and rate constants at 350 °C are summarized in Table   4 . To allow comparison with the previously studied methylations of small alkenes in H-ZSM-5
[20], the electronic energies for those reactions are also evaluated at the ωB97X-D/6-31+g(d)-level, and rate constants and Arrhenius parameters are re-calculated with the methodology used for the benzene methylation. In agreement with the experimental results (see Section 3.2), the rate of benzene methylation seems to be similar to the rate of propene methylation. Previously reported in ref. [20] . Kinetic parameters were re-calculated to be fully consistent with the methodology used in the current paper.
Both the unimolecular and bimolecular kinetic data show that benzene methylation is faster in H-ZSM-5 compared to H-beta, in agreement with the experimental results. In H-beta, more space is available, such that the entropy loss upon reaction is smaller compared with H-ZSM-5, which should result in a larger pre-exponential factor. This behavior is only retrieved using the bimolecular approach, as the largest entropy loss will naturally occur during the co-adsorption of benzene, which is not taken into account in the unimolecular model.
To validate this observation, enthalpy, entropy, and free energy differences at 350 °C were Table 5 . In general, the theoretical rate constants correspond very well with the experimental values and show that benzene methylation is considerably faster in H-ZSM-5 compared with H-beta, although the theoretical results predict an even larger difference between the two catalysts. Additionally, the theoretical activation energy is larger in H-beta than in H-ZSM-5 (74 vs. 51 kJ mol -1 ), in contrast to the experimental values, which were found to be rather similar for both zeolites (56 vs. 58 kJ mol -1 ). The separate kinetic parameters (E a and A) are prone to larger uncertainties caused by the fitting procedure and choice of temperature interval; it is therefore safer to compare theoretical and experimental rate constants rather than individual Arrhenius parameters. 
CONCLUSIONS
In this article, the kinetics of benzene methylation by methanol have been investigated over two acidic zeolite catalysts, H-ZSM-5 and H-beta. Experimental measurements were performed in a setup that uses very high feed rates to study the system at low conversion. By adopting this approach, side reactions are suppressed, such that the actual rate of the methylation step can be directly monitored. From these methylation rates, kinetic coefficients, reaction orders, and
Arrhenius parameters can be determined. H-ZSM-5 appears to be a more active methylation catalyst than H-beta, showing a consistently higher methylation rate across a range of experimental conditions in which both methanol and benzene partial pressures were varied. The methylation reaction is found to be first order with respect to benzene and zeroth order with respect to methanol. The experimental Arrhenius barriers are similar for the two catalysts. To gain a more profound understanding of the cause of the observed difference in methylation rate between the two catalysts, theoretical simulations have been performed. The methylation reaction was modeled in both H-ZSM-5 and H-beta using modern dispersion-corrected DFTmethods that allow accounting for all relevant interactions between the guest molecules and the zeolite environment. These calculations reproduce the higher rate of methylation over H- and indicate that this may be attributed to a stronger co-adsorption of benzene in the more narrow H-ZSM-5 pores. Host-guest interactions in the MFI-topology are more favorable and outweigh the greater loss of entropy compared with the more spacious BEA-framework. This difference in entropy loss is also reflected in the pre-exponential factor, which is slightly smaller in H-ZSM-5 than in H-beta.
